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ABSTRACT
A suite of xenoliths from two localities on South Island, New Zealand, exhibit rare
microstructures and provide information on deformation during the early stages of
development of the Alpine Fault. The first set of samples has evidence of dislocation
creep with subgrains, recrystallized grains, undulose extinction and a lattice preferred
orientation. These samples also show evidence of post deformation static grain growth
with polygonal grains, 120° triple junctions, and euhedral grains within larger grains of the
same phase. Samples from the second locality also show evidence of dislocation creep
but with minimal static grain growth. This set also has a population of ultrafine grains
(10µm) and millimeter scale mylonitic banding. The ultramylonite bands exhibit phase
mixing suggesting grain boundary sliding. Olivine porphyroclasts also contain strings of
fine recrystallized grains in the interior of large porphyroclasts, suggesting some grain

size reduction via brittle processes. The contrast between these localities and mylonitic
banding at the second locality suggests the presence of a narrow-localized shear zone
within a zone of weaker deformation. Grain size reduction through brittle deformation
would aid in the process of weakening and localization but depth constraints are required
to properly interpret these and other microstructures.
We find that remnant pressures preserved in spinel inclusions in olivine may be

detectable using Raman spectroscopy, thereby serving as a thermobarometer for spinel
peridotites. Preliminary results indicate that this a non-trivial undertaking due mainly to
compositional variations in spinels and potentially surface variations. Compositional
variations will require the determination of each inclusions chemical composition and the
use of a single-grain Raman spectrum comparison, as opposed to the grain to grain
comparison used for quartz inclusions in garnet. It will also require a new calibration of

residual pressure isopleths in pressure-temperature space for each composition. These
results demonstrate the viability of developing a reliable thermobarometer for spinel
peridotites.

INTRODUCTION
Mantle shear zones are not well understood and are often difficult to study (Norris
and Toy, 2014). This is caused primarily by a lack of exposure for direct study and
uncertainties associated with studying an area remotely. Geophysical methods have the
advantage of studying shear zones on a kilometer scale (Baldock and Stern, 2005;
Pysklywec et al., 2010) but fall short in detecting structures and strain localization that
occurs at outcrop and micro scales (Vauchez et al., 2012). Microstructures can be studied
with physical pieces of the mantle, but xenoliths and exposed peridotite massifs may not
be representative or sample the full range of structures present across a shear zone
(Chatzaras et al., 2015). This makes it difficult to accurately interpret the information they
provide. Difficulty in interpreting the microstructures is exacerbated by the absence of a
barometer for spinel peridotites, the common rock type in the upper mantle, preventing

satisfactory depth control and determination of conditions during formation. A better
understanding of shear zone localization, what mechanisms accommodate deformation,
and the pressure-temperature conditions of formation is needed to improve
understanding of the rheology of plate boundary shear zones in the mantle, a defining
feature of plate tectonics.
Early work suggested that the upper mantle was brittle, based on experimental

evidence and supposed upper mantle earthquakes in Tibet (Brace and Kohlstedt, 1980;
Molnar and Chen, 1983). The observations of ductily deformed mantle xenoliths and
seismic profiles showing ductile shear zones, instead suggests a ductile upper mantle
(Brun et al., 1992; Cabanes and Mercier, 1988; Downes, 2001; Flack et al., 1990; Goleby
et al., 1988; Keen et al., 1991; Pike and Schwartzmann, 1977; Reston, 1990; Tommasi

et al., 2000). This is supported by the improved depth estimates of the Tibet earthquakes,
indicating they occurred in the lower crust, and the current lack of any evidence of brittle
deformation in exhumed mantle samples (Dijkstra et al., 2004; Maggi et al., 2000). The
general absence of ultrafine grained mylonites and evidence of brittle deformation, both
features of the samples in this study, indicates that previously studied exhumed xenoliths
have only represented a portion of the upper mantle. This highlights the need for a
thorough analysis of these xenoliths.
A reliable thermobarometer for spinel peridotites would provide much-needed
information regarding depth of origin of a common xenolith type. Most current
thermobarometer techniques use equilibrium mineral assemblages or an analysis of trace
elements, but spinel peridotites lack compositions amenable to these approaches.
(Carlson et al., 2015; Kohn and Spear, 1991, 2000; Pattison et al. 2003; Wheeler, 2014).

Alternatively, Raman thermobarometry is a method that determines pressure and
temperature (P-T) using the elastic constants of the minerals in a host-inclusion pair and
the residual pressure that exists on the inclusion. The residual pressure is determined
using the shift in spectral peaks of inclusions compared to the peak locations of the same
material at atmospheric pressure. Several studies have successfully used this method to
determine the pressure at formation of the host-inclusion pairs of quartz-in-garnet, olivine-

in-diamond, and coesite-in-diamond (Ashley et al., 2014a; Enami et al., 2007; Izraeli et
al., 1999; Sobolev et al., 2000). A variety of other host inclusion pairs, including spinel-inolivine that we have in our samples, have been proposed and assessed theoretically, but
experiments on natural samples have not been carried out (Kohn 2014).

The xenoliths studied here, from the Moeraki (MOE) and Lake Wanaka (LWA)
areas of South Island, are some of the finest grained mylonites to be sampled from a
plate boundary shear zone. They represent the early stages of Alpine Fault related
deformation and can provide insight into the rheological development and physical
processes associated with the formation of plate boundary faults. Petrological and
microstructural information has been collected on the samples using a polarized light
microscope, electron backscatter diffraction (EBSD), x-ray microtomography (CT), and a
Raman spectrometer. The purpose of this study is to examine what the microstructures
of a mylonitic spinel peridotite can tell us about the deformation and localization
mechanisms of a shear zone, and investigate the workability of a new thermobarometer
for spinel peridotites. Constraining the pressure and temperature during their formation
will allow for a more thorough interpretation of the microstructures. Without a

thermobarometer to constrain depth, the implications of brittle deformation are uncertain.
The depth at which this deformation has occurred will tell us what roll brittle deformation
plays in shear localization. If deformation occurred at depths near 70 km, it would imply
that brittle behavior is an important mechanism of localization in mantle shear zones.

TECTONIC SETTING OF THE ALPINE FAULT, NEW ZEALAND

Introduction
South Island, New Zealand sits on the boundary between the Pacific and
Australian Plates. In this region, plate motion is accommodated by the Hikurangi
subduction zone to the north and the Puysegur subduction zone to the south. The
transition between these zones is accommodated by a transform fault, the Alpine Fault

Zone. The rheological development of the fault, the processes of localization, and how it
propagated are not fully understood. Here I will describe the active tectonic features and
review several theories and models pertaining to the formation of the region and the
mantle behavior beneath New Zealand. This review looks at the macroscopic scale of
fault development that is then examined through the xenolith samples.

Active tectonics
The convergence of the Australian and Pacific plates caused the formation of
several major tectonic features that accommodate an oblique continental collision. The
central feature is the Alpine Fault, estimated to have formed ~20 – 25 Ma (Batt et al. 2004,
King 2000), also the time of formation of the xenoliths studied here (Cooper et al., 1987;
Scott et al., 2014). The Alpine Fault is exposed at the surface for 800 km, regionally strikes
at 055° and it dips 40 to 60° to the southeast. The fault has offset the basement rock by
~460 km and accommodates ~70% of plate motion (Sutherland et al. 2000).
Displacement and convergence rates vary across the plate boundary due to proximity to
the Euler pole. Current rates of displacement in the strike-slip direction are estimated at
38 mm/yr in the south and 39.5 mm/yr in the north with 7 - 9 mm/yr in convergence. This
amounts to an overall displacement vector oriented 065 to 068° with motion of 40 mm/yr
(Norris and Toy, 2014).
The Alpine dike swarm is found on the south-eastern side of the Alpine Fault (fig.
1). This is a lamprophyre dike swarm that formed congruently with the Alpine Fault during
the initiation of the dextral wrench system (Cooper et al., 1987). Our samples were
emplaced in the Moeraki and Lake Wanaka diatremes (Scott et al., 2014). Strain
associated with this dike swarm was minimal.

At the southern end of the Alpine Fault the Australian Plate is subducting below
the Pacific Plate at the east dipping Puysegur subduction zone. At the northern end of the
fault, the Pacific Plate subducts below the Australian Plate in the west-dipping Hikurangi
subduction zone (fig. 1 & 2) (Pysklywec et al. 2010).

Tectonic setting
The coevolution of the xenolith samples and the tectonic features described above,
makes understanding their formation essential in deciphering the microstructures of the
xenoliths. Two important theories are that the inheritance of old structures control plate
movement and interaction; and that plate collision caused the formation of the Alpine
Fault as a STEP fault (Govers and Wortel, 2005) to accommodate changes in plate
motion. Below I analyze these scenarios and how they affect the deformation of the
xenoliths 20 - 25 Ma.
The idea of inactive faults reactivating, sometimes in new slip directions with
changes in plate motion, is widely accepted. Sutherland et al. (2000) suggests this
concept can be applied to lithospheric scale plate boundaries. They propose that an
Eocene passive margin that separated the older continental Challenger Plateau from
younger oceanic lithosphere formed by exploiting a Cretaceous transform fault and that
these features, along with the Emerald fracture zone, are what determined the location of
the Alpine Fault. It is suggested that inherited structures have controlled the deformation
patterns in New Zealand for 100 Ma. A reconstruction of these features from 45 Ma is
shown in figure 3. This reconstruction shows how alignment of plate boundaries with the
fracture zone and ancient margins led to the propagation of the Alpine Fault and
subduction of oceanic lithosphere below South Island. As discussed in the mantle

tectonics section below and in detail in the analysis of the xenoliths from this study,
weakening is necessary for fault propagation and strain localization to occur in the upper
mantle. The potential mechanisms of weakening and localization discussed may be
enhanced or seeded by relict tectonic fabrics of ancient structures (Vauchez et al., 2012).
Ancient structures help to explain the location of the Alpine Fault, but what was the
driving force of fault propagation? One theory suggests the pivotal motion of the Hikurangi
Plateau and its inability to subduct due to its buoyancy caused the faulting. Reyners
(2013) claims that at 23 Ma the Alpine Fault formed as a subduction-transform edge
propagator (STEP) (Govers and Wortel 2005) fault to accommodate the motion of the
plateau against the Australian Plate. Plateau motion at that point was normal to the
Hikurangi trench. When the pivoting plateau edge became parallel to the trench at 10 Ma,
subduction became the dominant accommodator of plate motion (Reyners 2013, King

2000). As the plateau continued to rotate, its western edge once again became
perpendicular to the trench and at 7 MA more STEP faults, the Marlborough Fault System
to the north of the Alpine Fault, formed. The motion of the plateau and the development
of the STEP faults are depicted in figure 4. Overall Reyners (2013) concludes that the
tectonic history of New Zealand was controlled by the Hikurangi Plateau’s buoyancy,
shape and angle of convergence. The alignment of plate boundaries with ancient

structures discussed previously coincides with the perpendicular alignment of the
Hikurangi Plateau with the Australian Plate. The congruent occurrence of these scenarios
helps to explain the propagation and localization of the Alpine Fault and the initiation of
the deformation in our samples.

Mantle tectonics
Fault rheology and localization of strain has been studied through geophysical data
in a variety of ways. Using seismic imaging, arrival times of teleseismic waves, and
surface deformation Norris and Toy (2014) conclude that the fault extends through the
middle and lower crust in a narrow zone of ductile shear within a zone of distributed
deformation that includes the crustal root. The fault then splits into two separate shear
zones. On the western side of the crustal root a steep localized zone with fault parallel
motion extends into the mantle within a wider zone of distributed shear, and a localized
decollement extends eastward in the lower crust and terminates in the upper mantle (fig.
5; Norris and Toy, 2014; Herman et al., 2007; Beaumont et al., 1996).
It is also important to consider the mechanisms that promote localization. Norris
(2004) suggests the length and slip rate of the fault is what determines the extent of
localization, claiming that localization occurs through a positive feedback system
facilitated by strain weakening. Chatzaras et al. (2015) puts forth a different but not
conflicting idea. They suggest the relatively narrow crustal fault creates a localized zone
of deformation in the mantle during intermittent seismic phases. During interseismic
phases a broader zone of flow in the mantle acts to accommodate and adjust to the abrupt
changes made during a seismic event. This widespread flow in the mantle then puts
pressure on the crust and causes another seismic event. This feedback system is
congruent with the narrow zone within a broader zone suggested by Norris and Toy
(2014), Baldock and Stern (2005) and Duclos et al. (2005).
The studies discussed here explain the causes of fault propagation and the
existence and mechanisms of localization on the kilometer scale through remote studies

or models. Below I describe complementary information on mantle rheology and strain
localization based on mm-scale observations in natural samples.

MICROSTRUCTURES OF XENOLITHS
Introduction
Microstructures from a suite of xenoliths have been examined using several
techniques. The xenoliths come from two localities of the ~25 Ma Alpine Dike Swarm,
Lake Wanaka (LWA) and Moeraki (MOE) (fig. 1; Cooper et al., 1987; Scott et al., 2014).
These xenoliths were formed during the early stages of development of the Alpine Fault
and record conditions of the shallow mantle at depths in the range of 40-70 km (Robinson
and Wood, 1998, Vry et al., 2004). Six xenolith samples were used to make thin and thick
sections on which petrographic, electron backscatter diffraction (EBSD) and X-ray

microtomography (micro-CT) analysis have been conducted.

Electron Backscatter Diffraction
EBSD maps were collected from samples MOE 19, MOE 26, LWA 1a and LWA 5.
Pole figures of crystallographic orientation are shown in figure 6. Samples MOE 26, LWA
1a and LWA 5 all show distinct patterns of lattice preferred orientation (LPO). MOE 19,
the coarsest grained sample, does not. A preferred orientation of the crystal lattice of the
grains will develop during deformation because dislocations will only move in certain
lattice planes. When this develops throughout the sample a distinct orientation pattern will
be evident in a spherical projection. The orientation of this pattern is indicative of the
conditions during deformation (Karato, 2012). In order to determine the significance of
these patterns, foliation and lineation directions need to be resolved. X-ray

microtomography, discussed below, is one possible way of determining the foliation and
lineation.

X-ray Microtomography
Each thin section was made from a centimeter scale hand sample. If there is a
discernable foliation and lineation, these samples can be used to orient the data collected
from the thin sections. In order to see the internal spatial configuration of the grains, microCT images were taken of each sample at the American Museum of Natural History, New
York. This process takes cross section x-ray images at micrometer intervals across the
sample. This series of stackable 2D images can then be used to create a 3D image (fig.
7). The samples are predominantly olivine and pyroxene with small quantities of
chromium spinel, magnesiochromite. Due to atomic weight differences, the spinel
inclusions appear as dark spots and can be differentiated from the other phases in the
CT images. Preliminary analysis of the spinel inclusion distributions did not provide useful
information on foliation or lineation orientation. More detailed analysis was deemed
outside the scope of the study, but could potentially help constrain foliation and lineation
orientations.

Petrography
The LWA and MOE xenoliths are similar in composition but vary in texture, grain
size and distribution, and structural features. The samples from the MOE area are
porphyroclastic to proto-mylonitic, have a spectrum of grain sizes, and are coarsergrained. The LWA samples are mylonitic with bimodal grain size populations, phase
mixing in fine grained areas and evident LPOs. All of the samples are harzburgites

composed of olivine, orthopyroxene, clinopyroxene and the chromium rich spinel
magnesiochromite. Petrographic observations of each slide have been compiled below.
MOE 19
This sample has the coarsest average grain size with a spectrum of grain sizes
ranging down to a small population of fine grains at grain boundaries and in fractures.
Grains range from 7 μm to 5 mm with an average grain size of 1.3 mm. The EBSD map
in figure 8 shows fine grains in a cracked pyroxene grain and along the grain boundaries.
At the edge of the larger olivine grains, subgrains and recrystallized grains are evident.
There is also a polygonal grain within one of the large olivine grains (fig. 8). A smooth
undulose extinction is present in many of the coarser grains in this sample. The spinel
grains range in size from 5 to 25 µm. They are generally equant to slightly elongate and
rounded to sub-angular. The EBSD data does not a show an LPO.

MOE 21
Like MOE 19, this sample is coarse with a range of grain sizes from 50 μm to 8
mm and an average of ~150 µm. Smooth undulose extinction is present in some of the
largest grains. There is a foam texture with an abundance of polygonal grains and 120°
triple junctions (fig. 9a). Some of the larger olivine grains have olivine inclusions (fig. 9b).
There are recrystallized grains creating core and mantle structures but subgrains are not

evident. Spinel is similar in size, shape and abundance to MOE 19. There is no EBSD
data for MOE 21.
MOE 26
Unlike the other MOE samples, this sample does not have a foam texture. There
are grains ranging in size from 10 µm to 15 mm. The smallest grains, in the 10 to 20 µm

range, are clustered at grain edges. The largest grains are elongate olivine grains with
significant patchy undulose extinction, subgrains, recrystallized grains at grain
boundaries and olivine inclusions with 120° triple junctions and gently curved grain
boundaries. There are several lobate olivine grains up to 1 mm without undulose
extinction or subgrains (fig. 10). Like the other MOE samples, spinel is similar in size and
shape but is less abundant compared to other MOE samples. EBSD data does show the
clustering of an LPO but type is unclear and may be a mix of c, (100) [001], and e, (001)
[100].
LWA 1a
In this sample, there is a small number of highly fractured large grains with a
maximum grain size of 7 mm. A finer grained population is as small as 15 µm with an
average grain size of 55 µm. These grains range from rounded or irregular to polygonal

with 120° junctions between polygonal mixture of olivine and pyroxene grains (fig. 11a).
Both the olivine and pyroxene exhibit undulose extinction with some deformation bands.
The undulose extinction is generally smooth with sharper subgrain boundaries only
present in the larger mm-scale grains (fig. 11b). The large olivine grains have subgrains
and recrystallized grains at their grain boundaries (fig. 11b). Spinel grains are present as
inclusions in olivine and pyroxene, in grain cracks, and at grain boundaries. These grains

are similar to the MOE samples but in much larger concentrations and with few larger,
irregularly shaped grains as big as ~1 mm.
One EBSD map was collected from this sample. The projection of grain
orientations shows a type A, (010) [100] slip system (Karato, 2012), lattice preferred

orientation but the clustering of the data points is weak (fig. 6). Foliation is known for this
sample but lineation is uncertain.
LWA 5
Like LWA 1a, this sample has two distinct grain size populations but both the finer
and larger grains have a larger average size. The smaller grains have a wider size range
starting at 12 μm with an average of 75 μm. The larger grains have an average size ~4.5
mm, with some grains as large as 1 cm. Olivine and pyroxene grains have undulose
extinction with some banding and deformation lamellae in the larger olivine grains. There
is significant development of subgrains and recrystallized grains (fig. 12a). Smaller grains
range in shape from rounded or irregular to polygonal and appear slightly more annealed
than LWA 1a (figure 12b). Spinel inclusions in this sample are similar in extent and size
to those in LWA 1a (fig. 13).

Three EBSD maps have been collected from this sample. Inverse pole figure and
phase map from one of the maps are shown in figure 12 c and d. These show phase
mixing in the fine-grained areas and subgrains in the larger grains. The projection of grain
orientation in figure 6 shows a preferred orientation but the pattern is not distinctly one
LPO type. It appears to be a combination of both C, (100) [001] slip, and D, (0kl) [100]
slip, type. The thin section is cut in the foliation plane and lineation has also been

determined.
LWA 10
This is the most mylonitic of the LWA samples. The fine grain population has an
average grain size of 45 μm and the largest grain is 1.2 cm. Although there are several
large grains and a set of fine grains like the other samples, this sample has bands of very

fine grains, down to 10 μm, that are not present in the other samples (fig. 14b). Fine
grained areas exhibit phase mixing and grains range in shape from rounded or irregular
to polygonal. There is undulose extinction in both the larger olivine and pyroxene grains
but the banded extinction present in the other LWA samples is minimal in LWA 10. Spinel
is similarly abundant compared to other LWA samples but fewer spinels are included
within the larger grains. Spinel grains are similar in size and concentration to the other
LWA samples. Subgrains and recrystallized grains are present along grain boundaries.
There are bands of recrystallized grains cross cutting larger olivine grains with no
apparent offset of the porphyroclast (fig. 14a). One of the large olivine grains contains an
internal band of smaller grains (fig. 14a). This is not a recrystallized margin between two
grains but an internal feature within a single grain. There is no EBSD data for LWA 10.

Discussion
Pole Figures
The pole figures from the LWA samples indicate that there is a strong pattern in
the crystallographic orientation in each sample. The LPO in the MOE samples is weaker.
The pattern in MOE 19 is too weak to be attributed to a particular slip system. MOE 26
has a combination of point and girdle distributions similar to the C and E type systems.
LWA 1a has a weak clustering comparable to the A type system while LWA has a strong
point distribution corresponding to the C type system. Different LPO types develop as a
function of which slip systems are active during deformation. In olivine, the active slip
systems are largely controlled by temperature and the influence of water (Mainprice and
Nicolas, 1989; Jung and Karato, 2001). The variety of point and girdle patterns may mean
more than one slip system was active during deformation. Despite the clear patterns in

the data there is a degree of uncertainty in what slip system they represent due to the
lack of information on foliation and lineation. It is unclear if the LPO can be attributed to a
particular grain size population making it difficult to establish when the patterns formed.
The EBSD mapping completed so far is limited in scope. More EBSD maps need
to be collected on all of the samples in order to draw definitive conclusions on active slip
systems and the extent of subgrains and recrystallized grains. LWA grains vary in texture
and grain size throughout the thin section and have a large population of fine grains so
strategically placed maps will be most beneficial to capture data on specific fabrics and
structures. Suggested locations for future data collection are mapped out in figure 15. Full
section maps would be ideal for the MOE samples because of their coarser grain size
and generally uniform texture.
Microstructural Observations

Throughout the MOE samples, the presence of polygonal grains with 120°
junctions, euhedral grains within larger grains of the same phase, and lobate euhedral
grains indicates static grain growth. Subgrains, recrystallized grains, undulose extinction,
and lattice preferred orientation demonstrate that dislocation creep was an active
deformation mechanism in these samples (Passchier and Trouw, 2005; Vernon, 2004;
Tommasi et al., 2011). The combination of these features indicates that annealing

followed an earlier phase of deformation. It is unlikely that these samples experienced the
same degree of deformation as the LWA samples. Phase mixing in the fine-grained areas,
like we see in LWA, would have caused pinning and the fine grains would still be present.
Based on both the non-mylonitic texture and grain growth calculations, the fine
grains observed in the cracked pyroxene grain in MOE 19 (fig. 8) are likely from

deformation and recrystallization that occurred during the extraction of the xenoliths. This
is an overprinting deformation and not related to the microstructures that are the focus of
this study.
The LWA samples also have subgrains, recrystallized grains, undulose extinction,
and clear LPO indicating that dislocation creep was active at this locality as well. In
addition, phase mixing in the fine-grained areas is indicative of grain boundary sliding
(GBS), a grain size sensitive deformation mechanism (Skemer and Karato, 2008; Warren
and Hirth, 2006). This is supported by the presence of the ultra-fine grains found in the
LWA samples (Chatzaras et al., 2015). Grain size reduction through dislocation creep will
result in the weakening of rock strength, if grain size is small enough to activate GBS,
and promote localization.
The significant difference in microstructures between these two localities within

close proximity (~60 km) to the Alpine Fault suggests that strain was localized in a
relatively narrow shear zone within a broader zone of weaker deformation. The GBS and
mylonitic features seen here are often absent from mantle xenolith samples (Chatzaras
et al., 2015; Titus et al., 2007; Vauchez et al., 2012). These microstructures could be
enhanced by the relict tectonic fabrics and inherited structures previously discussed
(Vauchez et al., 2012).

Strain localization in the upper mantle has been attributed to grain size reduction
and subsequent weakening (Precigout et al., 2007; Skemer et al., 2009). In the absence
of brittle deformation, the ductile mechanisms described above have been used to explain
the localized weakening of a high strength uppermost mantle required for a narrow shear
zone (Dijkstra et al., 2004; Brun, 2002; Hopper and Buck, 1993).

Evidence of Brittle Deformation in the Upper Mantle
While these ductile features are observed in our samples there are also structures
potentially formed through brittle or brittle deformation: the string of fine grains within an
olivine porphyroclast and similar grain “strings” that fully crosscut porphyroclasts (fig.
14a). The recrystallized grains are found internally, not near grain boundaries where grain
boundary migration recrystallization might occur or subgrain boundaries generally form
due to dislocation pile ups. Additionally, the standard dynamic recrystallization
mechanisms of grain boundary migration and subgrain rotation recrystallization generally
require local shear strains (>~1) before recrystallized grains form. Despite the significant
strains indicated by the mylonitic textures of the LWA xenoliths, some of these
porphyroclasts host significant quantities of fine grains that are not associated with offset.
Tiny grains created during micro-fracturing can provide the material necessary to nucleate

the fine grains without the process of dislocation creep. Analogous microstructures were
generated experimentally in peridotite samples subjected to high stress, "lowtemperature" plasticity followed by an extended period at elevated temperature
(Druiventak et al, 2012). Similar features in quartz and feldspar from mid-crust
deformation zones are also attributed to brittle processes (Fusseis and Handy, 2008).
The fine grain sizes in the LWA samples and the brittle processes inferred from

their microstructures are not consistent with current theories on upper mantle
deformation. Studies on both natural and experimental samples and seismology in the
upper mantle have not generally provided evidence of brittle behavior. Dislocation creep
and grain boundary sliding are the assumed mechanisms associated with weakening and
strain localization in upper mantle shear zones. In their review, Vauchez et al. (2012)

discuss the variety of grain size and LPO intensities found in xenoliths from different
localities. A majority of xenoliths are coarse grained or porphyroclastic (>1 mm average)
with strong LPO, subgrains, kink bands and weak shape preferred orientation. Even the
few examples of mylonites formed through extensive grain size reduction still exhibit the
necessary features to have been deformed by dislocation creep (Falus et al., 2008; Ross
et al., 1996; Cabanes and Mercier, 1988).
In a review of San Andreas Fault (SAF) xenoliths, Chatzaras et al. (2015) uses
grain size to determine a shear stress of 4.9 to 8.9, similar to that of the lower crust. Based
on this evidence the authors determine that weakening is not as important as the crustmantle interaction in forming narrow zones of deformation. Other studies of the SAF find
that the coarser grain size and strong LPO indicate the deformation actually occurs over
a wide zone (Titus et al. 2007).

Chatzaras et al. (2015) does acknowledge the possibility that fine grained
mylonites do exist below the SAF but have not been sampled. It is also possible that the
other studies mentioned here simply have not sampled the full range of grain sizes and
microstructures present at those localities. Millimeter scale mylonitic banding, like in the
LWA samples, would be more likely to fracture and to react with magma during
exhumation, causing the likelihood of preservation to be minimized (Vauchez et al. 2012).

There are studies that see smaller than average grain sizes and other structures
found in our samples such as phase mixing and grain boundary sliding (Warren and Hirth
2006; Precigout et al., 2007). These authors do attribute weakening and localization to
GBS but do not see any evidence of brittle fracture. Our samples show evidence that
grain size reduction occurred, at least in part by a brittle mechanism. We infer a near

instantaneous reduction in rock strength following fracture. Dislocation creep does not
appear to be necessary for grain size reduction to a size where a grain size sensitive
regime can dominate. One clue as to whether such behavior occurs broadly, is the
existence of the fine-grained zones internally within porphyroclasts. Future studies at
other xenolith localities should look for these features.
Given that these samples are spinel peridotites, we know they come from depths
< ~70 km (Robinson and Wood, 1998) and peak metamorphism depths estimated by Vry
et al. (2004) give a lower constraint of 40 km. Alpine Schist geothermometry suggests
temperatures at the mohorovicic discontinuity of ~600°C (Vry et al., 2004). This
information poorly constrains the pressure and temperature of formation for these
samples. Proper interpretation of the microstructures of these xenoliths requires an
accurate thermobarometer from spinel peridotites, a tool that does not currently exist. The

investigation of Raman thermobarometer in the next section aims to fill this gap.

INVESTIGATING RAMAN THERMOBAROMETRY AS A METHOD OF
CONSTRAINING P-T HISTORY OF SPINEL PERIDOTITE XENOLITHS
Introduction
Currently, there is no reliable barometer available for spinel peridotites and rocks
of this composition can only be constrained to a depth range of ~40-70 km. Constraining
the pressure and temperature (P-T) conditions of our samples would place better
constraints on the conditions of their deformation and allow for a more thorough
interpretation of microstructures. The development of a reliable barometer would also
benefit petrologic work on the upper mantle, since the depths and temperatures of rock
formation could be better constrained.

Raman inclusion thermobarometry is a method that determines P-T using the
elastic constants of the minerals in a host-inclusion pair and the residual pressure that
exists on the inclusion (e.g. Kohn, 2014). The focus of this section is a first investigation
of the residual pressure on spinel inclusions in olivine and the functionality of this hostinclusion pair as a thermobarometer for peridotite xenoliths.
Raman Spectroscopy
Raman spectroscopy is the use of a non-destructive, monochromatic, high
intensity, narrow beam laser in the visible range of the electromagnetic spectrum to
observe low-frequency modes in a sample (e.g. Bowler et al., 2012). A laser of known
wavelength is focused on the sample and the light is scattered. Nearly all of the light
remains at the same wavelength of the original beam, this is called the Rayleigh scatter.
A small percentage of the light is affected by the molecular makeup of the sample and is

inelastically scattered at different wavelengths (Efremov et al., 2008). This is called the
Raman scatter. Use of a monochromatic laser is crucial to differentiating light generated
by Raman scattering from back scattering of the original beam.
Green lasers (~530 nm) are best for inorganic materials and most mineral samples
because of their high excitation efficiency. This efficiency also makes it susceptible to
fluorescence, where the spectrum is overwhelmed and the intensity negates any peak

resolution. Near infrared lasers (~700-780 nm) have a lower aptitude for fluorescence but
also have a lower excitation efficiency and can therefore have the potential to cause
excessive heating of the sample during the longer acquisition time required (Rostron et
al., 2016).

Vibrational modes are revealed by the shift in wavelength that results from lasersample interaction. The location and shape of each mode is dictated by the composition,
bonds and molecular structure of the sample. The modes, equivalent to peaks, expressed
in the Raman spectrum are indicative of these features and allow for characterization of
the sample (Colthup, 2012) such that each mineral has a distinct Raman signature. The
spinel group has five active modes, F1g(1), Eg, F2g(2), F2g(3), and A1g but not all end
members express all five modes. The A1g mode is expressed in all end members and
therefore all solid solution compositions. For chromium-spinels, this is also the mode with
the least variation between end members, making it the peak of interest for the method
described below. (Hosterman, 2011).
Raman Inclusion Thermobarometry
Shifts in peak position relative to a standard can be exploited to determine the

remnant pressure on mineral inclusions within their hosts that develops during
exhumation (Barron, 2005; Enami et al., 2007; Zhang, 1998; Izraeli et al., 1999; Sobolev
et al., 2000; Guiraud and Powell, 2006). During exhumation, residual pressure develops
on inclusions because of differences in thermal expansion and compressibility between
inclusions and host minerals (figure 16). The elastic response of the host phase to the
change in molar volume of the inclusion during exhumation is a function of the hosts shear

modulus meaning, the magnitude of residual pressure is a function of what minerals are
involved and the entrapment pressure and temperature.
Several studies have successfully used this method to determine the pressure at
formation of the host-inclusion pairs of quartz-in-garnet, olivine-in-diamond, and coesitein-diamond (Ashley et al., 2014a; Enami et al., 2007; Izraeli et al., 1999; Sobolev et al.,

2000). A variety of other host-inclusion pairs have been proposed and assessed
theoretically (Kohn 2014) but pressure-temperature estimates have not been attempted
thus far.
There are several steps in carrying out Raman inclusion thermobarometry. First,
the degree to which changes in pressure at room temperature affect the position of a
Raman peak must be known. This is determined using a series of Raman analyses of a
mineral at increasing pressure in a laboratory. The results of such experiments for the
spinel A1g mode are shown in figure 17. When the degree of Raman shift of an inclusion
is established, the elastic constants of the host-inclusion pair (table 1) can be used to
calculate an iso-pressure line for residual pressure. Such lines for spinel end member
compositions, generated using the GeoBaRamantry2 program provided by Frank Spear,
are shown in figure 18. The slope of these lines indicates the potential for a mineral to

function as a thermometer or barometer. Shallow slopes will serve better as barometers,
steep slopes as thermometers. Figure 18 indicates that the spinel group end members
are dependent on both temperature and pressure.
Kohn (2014) considered only the end member spinel, MgAl 2O4, in olivine as a
potential thermobarometer, but based on our calibrations several of the minerals in the
spinel group are viable (Figure 18). That each of these end members is a potential

thermobarometer suggests that the variety of potential compositions in their solid solution
would also be functional thermobarometers. For the end-members investigated,
compositional variation affects the calibration of iso-pressure lines and will have a
dramatic effect on the estimated pressure of formation from a given inclusion pressure.
For example, if temperature was independently determined to be 1100°C and residual

pressure, determined using wavenumber shift, was 6 kbar, the formation pressure for the
compositions of spinel and hercynite would be estimated at ~11 kbar and ~25 kbar for
magnesiochromite. The extent of uncertainty created by the compositional effects on
calibrated isopleths will require the individual determination of each inclusion’s
composition for the calibration of new isopleths. Calibrations of isopleths for spinel solid
solution members will also require some assumptions about, or tests of, the elastic
properties of these compositions.
For the spinel peridotite field, expected variations in global geotherms are
predicted to produce ~8 kbar variation in the remnant pressure of spinel inclusions. As a
rough estimate, figure 18 suggests that a variation in residual pressure of ~1 kbar would
be useful in discriminating the formation conditions of typical xenoliths. The potential of
the spinel-in-olivine thermobarometer is substantial. Note from figure 19 that since the

iso-pressure

slopes

are

roughly

parallel

to

geotherms,

the

spinel-in-olivine

thermobarometer could be used, independent of any other constraint, to roughly estimate
geothermal gradients of the upper mantle. When combined with a thermometer, such as
the two-pyroxene thermometer, a depth could be calculated with an uncertainty of +/-5
km (Figure 19).

Sample Preparation - Mounting and Polishing Thick Sections
In order for the residual pressure to be preserved, the distance between the edge
of an inclusion and a surface of the sample or a grain boundary must be at least 3x the
radius of the inclusion (Kohn, 2014). For the LWA xenoliths, small sample pieces had
previously been made into standard thin sections ~30 µm thick. This thickness would limit

the functional spinel inclusions to those that are a maximum of 7.5 µm in diameter and
positioned directly in the center of the section. Using thick sections, ranging in thickness
from 300 to 500 µm, will increase the number of functional spinel inclusions on each slide.
Sample LWA 5 was made into five thick sections. Each piece was sliced into ~1
mm thick pieces. The slicing direction was chosen in order to maximize the number of
slices rather than the surface area of each slice. Because of the Raman procedure,
discussed next, it is beneficial to have an increased number of slides rather than a large
surface area on each slide. For application to the slide, the sample was first polished
using 240, 400, 600 and 800 silicon carbide grit (70, 41, 30 and 25 μm particle size,
respectively). The polished surface was then adhered to the slide and the exposed
surface is polished as before but with the addition of 15, 9, 3, 1 and 0.5 μm polishing
cloths (Appendix A).

Thick Section Mapping
In order to keep a record of the spectra collected and the inclusions from which
they were measured, the thick sections were mapped with a large enough magnification
that the images can be correlated to those taken by the Raman instrument. Using a 2x
objective, four to six images capture the full section. These images are stitched together

using the photomerge feature of Adobe Photoshop™ to provide the background for the
images of larger magnification. Areas with abundant spinel inclusions were located and
photographed with a 50x objective (fig. 13 and 20). In order to aid in navigation on the
Raman instrument, these images were aligned in their approximate location on top of the

full section image. Between the locations of the “50x” images, a trail of “20x” images was
created and merged with the full section image to be used as a guide (fig. 20).

Raman Spectrum Collection
Raman analyses were acquired using the Bruker Senterra Raman microscope with
a 532 nm laser at Rensselaer Polytechnic Institute in Troy New York. Repeated analyses
of the same quartz standard on this instrument indicate reproducibility on the order of 0.1
cm-1. Each inclusion was found using a 100x objective, then analyzed with an integration
time of 10 s with 6 coadditions. Several spectra are collected on each inclusion of interest
along with a measurement of grain depth, and a spectrum from the surrounding grain.
The spectrum collected from the surrounding grain is made to ensure the spinel is
included in olivine. Using the 100x objective on the Raman, only inclusions within the

upper ~100 µm could be distinguished. Beyond this depth, visibility of the inclusions is
disrupted by the overlying portion of the section making inclusions difficult to locate and
center the Raman beam on.

Results
Twenty-seven spectra were collected on nine inclusions, nine spectra on four

exposed grains, and one spectrum from each of four end member probe standards (fig.
21, 22, and appendix B). Spectra from inclusions 1, 2, 3, 9, 10, 11, 12, 14, 15, and all of
the exposed grains (A-D) have A1g peaks similar to those of the spinel, chromite and
magnetite end member spectrum. Spectrum from inclusion 12 and 15 include both
spinel and olivine peaks. Five attempted analyses (inclusions 4, 5, 6, 7 and 13) missed

the inclusion and collected spectra from only the surrounding olivine (appendix B).
Spectra from inclusion 8 were overwhelmed by fluorescence.
The nine inclusions are from sample LWA 5 (slides LWA 5 and LWA 5.3). The
range in A1g peak locations within a single inclusion ranges from 0.1 cm-1 in inclusion 11
to 5.5 cm-1 in inclusion 10 (fig. 22). The average range within a single crystal is 2.1 cm-1
(Table 2). Inclusion 14 was not included in these calculations because only one
spectrum was collected from that inclusion.
The average A1g peak location for each inclusion ranges from 680.7 cm-1 for
inclusion 12 to 690.8 cm-1 for inclusion 15 (fig. 22). This gives a peak position range of
10.1 cm-1. The standard deviation for these averaged peak locations ranges from 0.056
to 2.8 with a range of 95% confidence intervals from 0.089 to 4.696. The data for A 1g
peak locations are shown in table 2.

The various spinel end-members show considerable variation in peak location
and number of peaks. Chromite, magnetite, and spinel have A 1g peak locations of 692.5
cm-1, 670.7 cm-1, and 669.5 cm-1 respectively, a range of ~22 cm-1.
The four exposed grains are all from slide LWA 5. The observed range of A 1g
peak locations from multiple analyses of a single inclusion ranged from 0.3 cm-1 in grain
D to 8.4 cm-1 in grain B. The averaged A1g peak locations range from 687.4 cm-1 for

grain B to 689.9 cm-1 for grain A. This gives an average peak location of 688.6 cm-1, 4.4
cm-1 higher than the average for included grains. All A1g peak location data for exposed
grains is detailed in table 3.

Discussion
Based on the wavenumber shifts predicted in high pressure Raman experiments
(Wang et al., 2002) and the anticipated residual pressure on spinels in these samples,
the shift from residual to ambient pressure peak locations will be ~3 cm -1 or less (fig. 17).
Because our average peak positions vary over a range of ~14 cm -1, i.e. more than
expected for the entire range of expected spinel peridotites in the mantle (fig. 19), our
results indicate there must be factors other than residual pressure that affect the peak
position in our sample. The measure of each of these factors needs to be determined in
order to extract the shift caused solely by residual pressure. To be viable as at least a
thermobarometer, this portion of the shift needs to be determined to within ~1 cm-1.
The most significant effect at play appears to be the variation in composition
between inclusions. Replacement between Mg, Al, Fe and Cr affects the shape of the unit

cell and therefore the location of peaks in the spectrum. We see a variation of ~14 cm-1
and the broadest expected variation caused by composition should be 22 cm -1, based on
end member spectra. Previously conducted microprobe work shows that variation in
spinel composition for LWA 5 (table 4) is within the solid solution of these end members.
The compositions given in table 4 are not from the same inclusions studied here, but
come from the same sample. In other studies, such as on quartz, where composition is

constant, the Raman spectrum of an inclusion can be compared to the spectrum of an
exposed grain. This allows for grain to grain comparison of residual and ambient
pressure. The variation in LWA 5, however, does not allow for this. To remove the effect
of varying composition between grains a single grain comparison is required. Collect a
spectrum while the grain is included and compare it to a second spectrum when the

sample is polished such that the same grain is exposed at the surface at ambient
pressure.
Based on previous studies (Kohn, 2014, Wang et al., 2002) we expected there to
be a decrease in wavenumber of peak location with the release of the residual pressure.
In contrast to this, the peak locations in the spectra from the exposed grains have notably
higher wavenumbers than those of the inclusions. The iso-pressure line calibrations do
show an inverse relationship for magnetite. This is caused by the difference in size and
weight of Fe compared to Mg and Al and results in the formation of negative pressure on
the inclusion during exhumation. This may indicate that these large (up to 1.5 mm),
irregularly shaped inclusions have a significantly different composition with higher Fe
content than the millimeter scale, rounded inclusions. This highlights the need for single
grain comparison rather than grain to grain comparison.

Another potential cause of peak shift is surface effects. Surface effects are due to
pressure build up along irregularly shaped (non-spherical) inclusions. Averaging the peak
locations from multiple spectra will minimize the effect of this variation because local
positive and negative shifts due to localized pressure build up must sum to zero. Taking
the average peak location from a series of spectra will reduce the shift caused by surface
variation if the mean can be estimated within the acceptable range of 1 cm-1 with 95%

confidence. The number of spectra required to do this depends on the standard deviation
(s), sample population (n) and t distribution value (α) where

𝑠
√𝑛

∗ 𝛼 = 95% confidence

interval of the true sample mean. To estimate the true sample mean within 1 cm-1, we
need a 95% confidence interval of 0.5. Two data sets accomplished this with three and
four spectra each. Because both the standard deviation and the sample population will

change as more data is collected, only an estimate of the required number of spectra for
this level of confidence can be calculated. Unless the standard deviation narrows as more
spectra are collected, current standard deviations would require as much as 120 data
points to estimate the mean within 1 cm-1.
Prospects and Recommendations for Future Work
The methods and data described above suggest that the difficulties in obtaining
precise peak location measurements from spinel inclusions are not prohibitive to the
functionality of spinel-in-olivine Raman thermobarometry. The next step in this process
will be to expose the inclusions from this study and collect a second round of spectra to
complete the calculation of peak shift from residual pressure.
The best way to do this for these samples will be to polish down to the shallowest
inclusion and collect a Raman spectrum from all previously measured inclusions that are

exposed. This process would then be repeated until the deepest previously analyzed
inclusion is exposed. The process of collecting a round of inclusion spectra and then
polishing through to collect exposed spectra can be repeated until the entire thick section
has been worked through.
The size of the thick sections (3 – 4 cm2) make it difficult to map out the abundance
of millimeter scale inclusions. Working at this scale will also make it a difficult and tedious

job to polish down uniformly across the section to the precise height of each inclusion. An
alternative to our current method of mapping and incrementally polishing down is the
single crystal method proposed by Thomas and Bodnar (2002). In this method, individual
crystals of <1 mm are checked for inclusions of interest (>30 µm). In their case these are
melt inclusions containing one inclusion per crystal. A special polishing tool is used to

grind down a polycarbonate rod to ensure the top and bottom surfaces are both flat and
perpendicular to the long axis of the rod. Then, using a small amount of epoxy, a crystal
is mounted and then coated so that it is encased in the epoxy. The same polishing tool is
then used to grind and polish the rod to expose the melt inclusion for analysis.
For our samples, this would require crushing the sample to the necessary size and
culling for pieces containing inclusions that still meet the necessary depth requirement (at
least 3x the radius of the inclusion from the inclusion edge to a surrounding grain
boundary). The olivine grains that contain spinel generally contain multiple viable
inclusions. With the decreased size (~1 mm grain vs entire thick section) several methods
become easier 1) mapping all potential inclusions of interest instead of highlighting key
areas, 2) mapping through the full sample without losing visibility due to sample thickness,
3) all spinel grains of interest can be analyzed at once while included, and 4) exposing

each grain for a second spectrum collection without polishing through any other
inclusions.
Breaking the sample up into the grains <1 mm creates the risk of destroying
valuable portions of the sample. The process of breaking the sample, setting up the rods
and mounting the sample will also be a time-consuming process. A good compromise
would be to create thick sections with significantly less surface (<1 cm 2) area and thin

enough to sample all the way through. That would give the added benefits of a smaller
sample while maintaining spatial information that would be lost in a crushing process.

CONCLUSION
The xenoliths studied here provide evidence of shear zone localization in the
lithospheric mantle that is potentially facilitated by brittle-ductile deformation. This is
indicated by mylonitic banding, the contrast in microstructures between the two localities
and the presence of strings of fine recrystallized grains in the interior of porphyroclasts.
Preliminary results indicate the viability of developing a reliable thermobarometer for
spinel peridotites. This will require the use of a high precision Raman instrument, a
statistically significant data set for each inclusion, single-grain peak position comparison
and a new calibration of isopleths for each spinels individually determined chemical
composition. The improved depth constraint that a thermobarometer could provide would
allow for a more thorough interpretation of the microstructures in these samples.
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TABLES

Table 1. Elastic constants for spinel group end members. V0 is the inclusion volume or sub-volume, a0 is the lattice
constant, Θ is the orientation angle, k is the bulk modulus, and k1 is the splay.

Table 2. A1g peak location and intensity for spinel inclusions. Also given is the range, average, standard deviation
and 95% confidence interval of the average for the set of peak locations.

Table 3. A1g peak location and intensity for exposed spinel grains. Also given is the range, average and standard
deviation for each set of peak locations.

Table 4. Microprobe data for five spinel grains in LWA 5 and three spinel group end member probe standards.
Cations are normalized to 4 oxygen. All of these LWA grains are magnesiochromite with Fe and Al substitution.

FIGURES

Figure 1. Australian and Pacific plate boundary with the Alpine Fault in red, blue arrows represent plate motion and black
arrows indicate subduction direction. Yellow transects are the approximate locations of the cross sections in figure 2.
Lake Wanaka and Moeraki localities are marked with black dots, both fall within the Alpine dike swarm shaded in grey.
Edited figure from Rowan, 2010.

Figure 2. Cross sectional illustration of South Island New
Zealand; a) is the Hikurangi subduction zone, b-d) are
the transition through the Alpine Fault and e) is the
Puysegur subduction zone. O1 - the oceanic crust of the
Australian plate, O2 - the oceanic crust of the Pacific
plate and C1 and C2 are the continental crust of the
Australian and Pacific plates respectively. Figure from
Pysklywec et al., 2009.

Figure 3. Motion of Australian and Pacific Plates since 45 Ma with passive margin in bold, ocean
crust age shown in brackets, light grey is continental crust and dark grey is oceanic crust, and the
Emerald fracture zone is marked with thick dashed lines. Figure from Sutherland et al. 2000.

Figure 4. Progression of the Hikurangi Plateau from 40 Ma with Hikurangi Plateau in purple (light
purple is the presently subducted portion), oceanic crust in blue, continental crust in yellow,
Alpine Fault in red and Marlborough fault system in dark blue. Figure from Reyners (2013).

Figure 5. Interpreted cross section of the crust and mantle across the Alpine Fault with the crust in yellow and
orange, mantle in light green, distributed mantle shear in dark green and localized shear in grey. Figure from
Norris and Toy 2014.

Figure 6. Lower hemisphere
equal area projections from
EBSD maps. One data point
per grain. Rows A and B are
from scan areas 1 and 3 from
MOE 26. Row C is from LWA
1a. Row D is from LWA 5, Row
E is from MOE 19.

Figure 7. X-ray image of LWA 5 made using the freely available ImageJ software. Light grey is olivine and
pyroxenes, dark spot are spinel inclusions (yellow arrow).

Figure 8. EBSD Euler map of MOE 19. Pyroxenes in grey, colors represent olivine grain orientation, polygonal
inclusion in larger olivine grain (orange arrow), and fine grains in cracked pyroxene grain (white arrow).

Figure 9. Images of MOE 21 under cross polarizers. (a) Polygonal grains with 120° junctions (white arrow), foam
texture. (b) Large olivine grain with inclusions (white arrow) and recrystallized grains at its boundary.

Figure 10. Image of MOE 26 under cross polarizers. Lobate olivine grain in bright blue. Patchy
undulose extinction in large olivine grain.

Figure 11. Images of LWA 1a under cross-polarizers. (a) Irregular and polygonal grains, smooth undulose
extinction. (b) Deformation bands and subgrains (red arrows).

Figure 12. Images of LWA 5. (a) Cross polarized image, band of recrystallized grains through an olivine grain with no apparent offset
of the porphyroclast. (b) Cross polarized image, irregular and polygonal grains. (c) EBSD phase map with olivine in green and
orthopyroxenes in yellow. Note phase mixing in fine grained areas. (d) Same EBSD map as in c, with olivine grains colored by grain
orientation, pyroxenes are in grey.

Figure 13. Transmitted light image of LWA 5.3. Small red grains are spinel inclusions within translucent olivine
grains.

Figure 14. Images of LWA 10 under cross polarizers. (a) Olivine porphyroclast with cross cutting band of grains
(yellow arrow) and internal grain string (white arrow). (b) Mylonitic band of ultra-fine grains down to 10 µm (white
arrow).

Figure 15. Cross polarized scans of sample LWA 1 (a), LWA 5 (b) and LWA 10 (c).
Black boxes are locations of previously mapped areas. Reb boxes are suggested
mapping areas.

Figure 16. Differential pressure development based on the expansion
or contraction of the included mineral relative to the host mineral.
Figure from Kohn, 2014.

Figure 17. Wang et al. (2002) examined the effects of pressure on MgCr2O4 spinel. In their experiments, a synthesized spinel
was put under increasing pressure up to 76.4 GPa with Raman spectra collected throughout. The shift in Raman peak position
with increasing pressure is shown here. Inset highlights pressure range expected in xenoliths in this study and shows ~0.34
cm-1 shift per 1 kbar.

Figure 18. Iso-pressure contours of residual pressure for spinel group end members. Contours are labeled in bar.

Figure 19. Isopressure contours (green) are overlain on typical geothermal gradients (indicated by grey field).
Uncertainty of Raman measurement is shown in purple about the 6 bar contour. The potential range of spinel
Inclusion pressures in olivine ranges from ~-2 kbar to ~6 kbar. Edited figure from Artemieva, 2006.

Figure 20. Larger image area is needed for maneuvering on the Raman
instrument, 2x images are overlain by 20x images. Images at 50x (small
labelled images within 20x area) are needed for locating and labeling
spinel inclusions.

Figure 21. Raman spectrum from spinel group end members and olivine. Spectrum for spinel and olivine have been
background corrected.
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Figure 22. A1g peak locations for four spinel inclusions. Note the range between samples and the range within
individual inclusions.

Appendix A - Polishing and Mounting thin sections
Prior to application to the slide, one surface of the section is polished using the
240, 400, 600 and 800 silicon carbide grit. A slurry is created with grit and water on a
clean, level glass plate. There should be just enough water so the slice does not catch as
it is moved around and more will need to be added throughout the process to maintain
that consistency. Uniform pressure is applied to the slice and then moved in a circular
pattern until desired polish is reached. To maintain a uniform thickness the slice should
periodically be rotated 90 degrees. Between rotations the slice should be rinsed and
checked for progress. Larger grit sizes will grind down faster so the longer that is spends
on one grit size, the closer the progress should be watched.
The measure of the grit indicates that it will polish to the point that the notches and
grooves in the sample are no deeper than that measurement. Once that degree of polish

is achieved, continued polishing will only serve the purpose of removing more sample. It
is important to make sure that both sample and hands or any tools used are properly
cleaned before moving down to the next grit. Contamination with grains of a larger grit will
scratch the surface of the sample and prevent it from reaching the next degree of polish.
With the 250 and 400 grit, the change in texture will be noticeable by touch and
the change in thickness will be measurable with a ruler. Once a change in thickness has

occurred it is ok to move on to the next grit size. The change from the 600 and 800 grit
will be less immediately obvious but is still visible without a microscope. The best method
will be to check the reflectiveness of the surface using a light source. Holding the piece
at a wide angle to a light source will express the degree of luster the surface has. Prior to
600 grit polishing, it will be dull but it should still be checked to have for comparison after

polishing. The 600 grit will make the surface reflective and the 800 grit will give it a glassy
luster.
Once this is accomplished the piece is ready to be mounted to the slide. This is
done using an epoxy and resin. The piece should be thoroughly cleaned and dried using
a warming plate. Allow at least an hour of warming to ensure the piece has fully dried and
the epoxy can adhere properly. Because of the difficulty in mixing a small volume of epoxy
it is likely not all of it will be used for one slide. Having more than one piece ready to be
mounted at a time will prevent waste. Place a small drop in the center of the slice and
place the slide down such that it contacts the epoxy first and pushes the drop outward to
the edges of the slide without trapping air bubbles. If the slide is level it can be left to dry
as is. If the slide is not level it will shift downward until the epoxy becomes stiff enough to
hold it. To prevent this, be prepared with small props to keep it centered on the slice. After

~1 hour the props should be removed to prevent them from adhering to the slide
permanently. After ~4 hours the epoxy will be fully set and strong enough to prevent
shifting in the next polishing phase.
Polishing the exposed surface of the section requires working down to a much finer
grit but the first few steps are the same as before. The procedure for the 250, 400, 600
and 800 grits can be followed as above. After the 800 grit, polishing cloths of 15, 9, 3, 1

and 0.5 µm are used for finishing. For the 800 grit and higher it is beneficial to check the
polish under a reflected light microscope to ensure the best possible polish at each stage.
When no further improvement is evident after continued polishing, move on to the next
grit size. Improvement of polish is best tracked by taking a picture of the same spot on
the slide each time progress is checked. The surface will change in appearance so a

feature, such as a divot or bulge, on the edge of the sample is best for tracking the
location.

Appendix B - Raman Spectroscopy Data
Spectrum from inclusions 1 -13 (excluding inclusion 8), exposed grains A – D and
a spectrum from the RRUFF database (R050399) with similar composition to the
inclusions analyzed in the microprobe data. All are displayed from 300 - 900 cm-1 with the
necessary intensity to include all of the data. Graphs from inclusions 6 and 7 do not
include legends because of the high number of spectra in each, 40 and 16 respectively.
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